The phenotypic identity of mononuclear leukocytes in skin and digestive tract of bovine viral diarrhea virus (BVDV)-infected animals was examined using sensitive single and double labeling immunocytochemical techniques. Occurrence and distribution of B lymphocytes, T lymphocytes of either the helper (BoT4) or suppressor/cytotoxic (BoT8) subsets, and macrophages (MO) were examined. No differences were found in the skin and digestive tract of persistently infected clinically healthy calves and uninfected controls, despite widespread virus-antigen presence in keratinocytes (stratum basale and stratum spinosum) of skin and upper digestive tract, in dermaVsubepithelia1 macrophages (M0), in gut-epithelial cells, and in lymphocytes and M0/ monocytes of blood and lymphoid tissues of the former group. M0 and Langerhans cells (LC) were the prevailing leukocyte types in the keratinized epithelia and subepithelial connective tissues, with occasional T lymphocytes (mostly intraepithelially located and of the BoT8 phenotype). No B cells were seen. Some infiltrating leukocytes also contained virus antigen. In animals succumbing to mucosal disease (MD), hyper-and parakeratotic changes, as well as necrotizing epithelial lesions, were accompanied by massive infiltration in dermis and epithelium of major histocompatibility complex (MHC) class I1 antigen positive cells (M0 and LC), some T lymphocytes (predominantly BoT8 positive cells), and, only rarely, B cells. MO also predominated in lamina propria of the gastrointestinal tract. Findings suggest that M0 activation is an important aspect of MD pathogenesis. In contrast, the contention that T lymphocytes may play a major role could not be substantiated.
Cellular events precipitating the fatal outcome of an infection with bovine viral diarrhea virus (BVDV) remain uncertain. The infection known as mucosal disease (MD) only occurs in calves which are persistently infected with a noncytopathic biotype of BVDV to which they are specifically immunotolerant. M D can be reproduced experimentally in such calves by superinfection with an antigenically related cytopathic BVDV ~t r a i n . '~J~J~ However, whether the replication of the cytopathic virus strain alone can cause the lesions of MD, or whether other mechanisms (i.e., immunological reactions) contribute to their development is still not known. Support for the latter possibility is the observation that the lesions in MD cases, whether acute or chronic, share many features with those seen in graft-versus-host (GVH) disease. These similarities apply to both distribution of the lesions, i.e., keratinized epithelia and the gastrointestinal tract, and to the histological appearance of tissue change^.^,^^^^^ To further elucidate the nature of the lesions and the developmental course of MD, the distribution of BVDV in tissues of persistently infected clinically normal calves was inve~tigated.~ Viral antigen was detected in most tissues, in epithelial and immune cells with a distri-bution similar to that found in cases of MD.5 No inflammatory response was detected in non-diseased calves, and cytopathological changes were absent or subtle. In extension of these previous studies, a description of the results of investigations conducted to characterize the leukocytes in infected tissues in the potential prodromal state of MD, as well as in fulminant lesions of M D cases, is now presented. Using GVH disease as a model, the following four questions on the pathogenesis of M D will be addressed: 1) Are there any signs of T lymphocyte activation? 2) Are there any indications of MHC class I1 antigen expression on non-immune cell types as a consequence of cell mediated immune responses and/or virus infection per se? 3) Is there any correlation between extent and localization of mononuclear cell infiltrates and florid clinical disease? and 4) Does cellular composition vary with virus strain, animal age, and length of disease course?
Materials and Methods
Clinically healthy cattle were diagnosed as non-infected (n = 10) or persistently viremic with bovine viral diarrhea virus (BVDV) (n = 4) by repeated virus isolation attempts from blood plasma and purified peripheral blood mononuclear leukocytes (PBL) as previously described." Their humoral immune status (i.e., antibody) with respect to BVDV was determined by a virus-neutralization test." The group of diseased cattle comprised field cases of mucosal disease (MD) as well as calves spontaneously succumbing to MD following experimentally established persistent infection (n = 7)." Age of animals varied from 6 to 22 months. In order to account for any possible age variations in normal distribution of tissue-leukocytes, non-infected control animals were age-matched with virus-infected clinically normal or diseased cattle. Immediately following euthanasia, tissue samples were collected aseptically and processed for virus isolation,LL immunocytochemistry,6 and light microscopy.
Isolation of BVDV from tissues, plasma, and PBL was done as described previously using BVDV-free Madin Darby bovine kidney (MDBK) cells grown in Eagle's minimal essential medium with horse serum (Gibco). Following three to five passages without detectable cytopathic effect, immunoperoxidase staining for BVDV antigens was done."
Single and double immunolabeling of virus and leukocyte antigens was done on cryosections or alcohol-fixed, paraffinembedded tissue sections as described in detail elsewhere.6 A swine hyperimmune serum was employed for detection of BVDV antigens, and a panel of monoclonal antibodies (MoAb) specific for bovine leukocyte was used for localization and phenotyping of lymphocytes and macrophages (M0) ( Table 1 ). Controls, previously described in detail,6 comprised known negative and positive samples, omission of reagents, or substitution of antibodies with nonreactive ones.
Results
Bovine viral diarrhea virus (BVDV) antigens were in a variety of cell types in most tissues of persistently infected clinically normal cattle, but only subtle or no histological changes were evident. No inflammatory reactions were detected in this group of specifically BVDV immunotolerant animals. Therefore, no differences were found between clinically normal infected cattle and non-infected control animals with respect to occurrence and distribution of B lymphocytes (IgM+ detected with monoclonal antibody [MoAb] BIg73A), T lymphocytes (CH128A+) of either the helper (BoT4) or suppressor/cytotoxic (BoT8) subsets, or cells of the macrophage lineage (DH59B positive cells). In both groups, macrophages (M0) (Figs. 1,2) and Langerhans cells (LC) were the prevailing cell types in the keratinized epithelia and subepithelial connective tissues. The latter cell type was detected by its reactivity for major histocompatibility complex (MHC) class I1 antigens, its localization, and its morphology. T lymphocytes, mainly of the BoT8 phenotype, were found scattered in dermis, either around small venules or directly subepidermally. Lymphocytes were not detected intraepithelially. No B lymphocytes were seen in these tissues. In persistently infected cattle, BVDV antigen positive cells were among both MO and lymphocytes.
In animals succumbing to mucosal disease (MD), the hyper-and parakeratotic changes, as well as the necrotizing epithelial lesions, were accompanied by massive infiltration in dermis/subepithelial connective tissue strata and epithelia of MHC class I1 positive cells with M0 or dendritic cell morphology (possibly including LC) ( Fig. 3) , some T cells (predominantly BoT8+ cells), and only rarely B lymphocytes. M0 by far outnumbered lymphocytes. Some infiltrating M0 stained positively for an antigen, EBM 1 1, characteristic for mature bovine M0I2 (Fig. 4) as well as for markers IL-A22, -A23 ( Fig. 5) , or -A24 (Table l) .14 In the tonsils, T lymphocytes (BoT8+) were often seen scattered intraepithelially in areas both with and without pathological changes of the epithelium. Intraepithelial location of T cells was seen less frequently in other epithelia. When consecutive sections were stained for T cell markers (CH128A, IL-A12, IL-A17) and MHC class I1 antigens (TH14B, TH81A, H42A), re-spectively, using a highly sensitive triple-layer meth-~d o l o g y ,~.~ there were no indications that T lymphocytes expressed MHC class I1 antigens in either lymphoid or non-lymphoid tissues.
M0 of all maturation stages, as indicated by their MoAb-specified phenotypes (Table l) , were detected in lamina propria of the gut, both inside and outside of Peyer's patches. T lymphocytes were seen scattered in lamina propria or more focally localized perivenularly, with BoT8+ cells predominating.
In both skin and digestive tract, some infiltrating M0 and lymphocytes also stained for BVDV antigens. However, the majority of infiltrating cells did not stain for BVDV antigens. In no case was aberrant expression of MHC class I1 antigens detected on non-lymphoid cell types, i.e., endothelial cells, keratinocytes, or fibroblasts.
There was an association between extent of inflammatory reactions and course of disease. The more marked tissue changes and infiltration with mononuclear cells occurred in acute MD and less so in chronic disease extending over 4 to 8 weeks. However, no variations in these patterns could be specifically ascribed to either virus strain differences (i.e., in vitro biotypic characteristics) or animal age at time of demise. Moreover, there have been no indications in the material hitherto examined that composition of cell infiltrates changes significantly over time.
Discussion
Based on pathophysiological and pathomorphological similarities between cases of mucosal disease (MD) in cattle and graft-versus-host (GVH) disease in a variety of species, it was proposed that the typical lesions in MD were, at least in part, caused by immunopathological m e c h a n i~m s .~,~J~ However, there have been limited data to support this contention. The present study clearly shows that although similarities exist at the pathomorphological level, mechanisms for development of lesions in the two syndromes most probably differ. Thus, the epithelial lesions in MD are differentiated from those of a GVH reaction by a macrophage (M0)-dominated cellular infiltrate in the former and a lymphocyte-dominated infiltrate in the Moreover, the T4 cell is the predominant lymphocyte subset in a GVH reaction site,3 whereas T8 cells constitute the majority of lymphocytes in inflamed tissues in MD.
One salient feature of a GVH reaction is the induction of major histocompatibility (MHC) class I1 antigen expression on a variety of non-lymphoid cell types, notably epidermal cells and mucosal epithelia.2,26 In none of the persistently infected cattle studied to date, whether clinically normal or suffering from MD, has such aberrant antigen expression been detected by immunocytochemistry. Since the aberrant MHC class I1 antigen expression seen in a variety of disease states is induced by interferon-y (IFN-y), produced by activated T lymphocytes,17J8 the presented result might indicate that T cells are not likely to play a major role in development of lesions in MD. However, before T cell involvement is completely ruled out, it must be clarified whether the apparent absence of MHC class I1 antigen induction in MD is not due to an antagonistic effect of IF"-p, produced by virus-exposed nonlymphoid cells22 or IF"-a, produced by infiltrating M0,'O rather than the absence of a T cell mediated response per se. BVDV infection in itself does not suppress Ia-antigen induction by IFN-y in non-lymphoid cells, nor does the virus induce Ia-antigen expression.8
When comparing the staining pattern for MHC class I1 antigens and M0 markers, it appeared that cells belonging to the M0 lineage, including Langerhans cells (LC), could account for most, if not all, of the MHC class I1 positive cells in skin and other keratinized epithelia. In the gastrointestinal tract, the MHC class I1 positive cells also comprised some B lymphocytes. However, in none of these anatomical sites, whether in clinically normal non-infected or persistently infected cattle, or in cattle suffering from MD, were any indications obtained by immunocytochemical methods that T lymphocytes expressed MHC class I1 antigens. This once more mitigates against T cell activation during bovine viral diarrhea virus (BVDV) persi~tence.~~ Both in this and in previous studies of MD,4,5 results were obtained which indicated a positive association between severity and distribution of mononuclear cell infiltrates and clinical disease. However, because all of these studies have been based on field cases of MD, a statistically sound analysis has not been possible. Since MD can now be reproduced experirnentally,l6 such investigations should be possible in the future. Similarly, the notion that type of cell infiltrates does not depend on animal age, virus strains, or disease course should also be substantiated by experimental work.
Phenotyping of M0 in the cellular infiltrates of keratinized and mucosal epithelia revealed that the majority of the cells were relatively immature but probably in a state of a c t i~a t i o n .~, '~ Thus, the majority, if not all, expressed MHC class I1 antigens, and many were positive for the M0 differentiation antigen IL-A23,20 whereas only a minority of Ma, stained for the maturation marker EBMl 1 . I 2 It is not entirely clear what implication this phenotypic spectrum has for the pathogenesis of MD lesions, but by using cell separation techniques and in vitro functional assays to further characterize the phenotypic M0 subpopulations com- bined with in vivo studies, it should be possible to study this aspect further. It is conceivable that MO, by virtue of their enzymatic armamentarium, production of monokines, and reactive oxygen species, as well as phagocytic activity, could contribute in various ways to the cytopathology of MD.'
Although the present study has not resolved the pathogenesis of lesions in MD, it has explored such mechanisms as potential T lymphocyte and IFN involvement and substantiated the notion of M0 activation. Both virus and host factors probably contribute to the development of lesions and may account for variations in the pathological changes of MD.
